Recent advances in the study of microRNAs indicate that they have an important role in regulating cellular activities such as proliferation, morphogenesis, apoptosis and differentiation by regulating the expression of various genes. MiR-199a-3p is highly expressed in hair follicles and in some tumor cells, suggesting its participation in tumor progression, but it is significantly underexpressed in hepatocellular carcinoma and in bladder cancer. The mechanism underlying these effects is not yet known. Here, we dissect the effects of miR-199a-3p on YPEN-1 endothelial cells, and MDA-MB-231 and MT-1 breast cancer cell lines. We found that expression of miR-199a-3p promotes proliferation and survival of endothelial cells as well as breast cancer cells. Remarkably, miR-199a-3p inhibited both endogenous caveolin-2 activity and exogenous caveolin-2 activity, which was confirmed by a reporter construct bearing the 3Ј-untranslated region of caveolin-2. However, overexpression of caveolin-2 completely counteracted the enhancement of miR199a-3p-mediated activities on cell proliferation, survival and sensitivity of tumor cells to anticancer drugs. Our findings suggest that MiR-199a-3p targeting of caveolin-2 might have an important role in breast cancer tumor progression, making it a potential candidate for intervention in cancer.
Introduction
MicroRNAs (miRNAs) are a new class of small non-coding endogenous RNA molecules approximately 22 nucleotides in length. They are transcribed from genomic DNA as long primary transcripts (pri-miRNAs), which are then modified by RNase-IIItype enzymes Drosha and Dicer to produce pre-miRNAs and subsequently mature miRNAs (Lee et al., 2004; Mansfield et al., 2004) . miRNAs can function as a guide molecule in posttranscriptional repression of protein synthesis by partially pairing with the 3Ј-untranslated region (UTR) of target mRNAs (Seitz et al., 2003) . miRNAs have key roles in diverse regulatory pathways, including control of development (Shan et al., 2009; Wienholds et al., 2005; Zhao et al., 2005) , cell proliferation (Corney et al., 2007; Fang et al., 2011; Johnson et al., 2007) , differentiation (Kahai et al., 2009; Li and Carthew, 2005; Naguibneva et al., 2006; Wang et al., 2008) , apoptosis (Chan et al., 2005; Chen and Stallings, 2007) , cell cycle progression (Brennecke et al., 2003; O'Donnell et al., 2005) , immune response (Stern-Ginossar et al., 2007; Wu et al., 2007) , protein secretion (Mello and Czech, 2004; Poy et al., 2004) , and many other physiological and pathological processes (Hansen et al., 2007; Wu et al., 2007) .
A recent study demonstrated that more than 50% of miRNA genes are located in cancer-associated genomic regions or in fragile sites, suggesting that miRNAs have an important role in the pathogenesis of cancers (Calin et al., 2004) . Some studies have also found that miRNAs might function as oncogenes or tumor suppressor genes (Zhang et al., 2007) . Normally, oncogenic miRNAs are overexpressed in cancers and they can target tumor suppressor genes, whereas tumor-suppressor-like miRNAs are underexpressed in cancers and they might target oncogenes.
MiRNA-199 was determined by computer analysis of mouse and Fugu rubripes sequences by Lim and colleagues in 2003 (Lim et al., 2003) . In the same year, it was cloned from the human osteoblast sarcoma cell line Saos-2 and identified from mouse skin cells (Lagos-Quintana et al., 2003) . The two putative hairpin precursors reside in chromosome 19 and chromosome 1 in the human genome. More recent microarray analysis revealed that miR-199a-3p is highly expressed in hair follicles (Yi et al., 2006) and in some tumor cells (such as ovarian and breast cancer cells) (Chen et al., 2008) , suggesting its possible involvement in tumor progression, but it was also significantly underexpressed in hepatocellular carcinoma (Murakami et al., 2006) and in bladder cancer (Ichimi et al., 2009) . The published work suggests that miR-199a is involved in cancer development directly or indirectly by targeting cancer oncogenes or tumor suppressors, or both. This study was designed to investigate the functional role of miR-199a in normal cells, as well as in neoplastic cells. Although miR-199a precursor produces mature miRNAs miR-199a-5p and miR-199a-3p, here we focused on miR-199a-3p because it potentially targets caveolin-2, a protein that is involved in cell cycle progression.
Caveolin-2 is a scaffolding protein of the caveolae family that coats plasma membrane invaginations. As the key structural protein that organizes caveolae, caveolins have been shown to have an important role in regulating endocytosis and other aspects of cellular signaling (Krajewska and Maslowska, 2004; Williams and Lisanti, 2004) . Caveolins interact directly with a number of caveolae-associated signaling molecules, such as H-Ras, heterotrimeric G-proteins, epidermal growth factor receptor, protein kinase C, Src-family tyrosine kinases and nitric oxide synthase isoforms. It has been documented that caveolin-binding can effectively inhibit the enzymatic activity of these signaling molecules. Compared with the other two members of the caveolin family, caveolin-1 and caveolin-3, the role of caveolin-2 is less well defined. Recent studies have alluded to cell-and tissuespecific roles of caveolin-2. There is also evidence that caveolin-2 can regulate proliferation of lung endothelial cells and rat fibroblast cell line Hirc-B (Kim and Pak, 2005; Kwon et al., 2009a; Kwon et al., 2009b) . Caveolin-2 was shown to be expressed at high levels in normal breast-like cancer and in the majority of basal-like cancer (Perou et al., 2000) , but at low levels in non-microdissected breast cancer. In fact, levels of caveolin-2 were found to be inversely correlated with tumor size (Sagara et al., 2004) .
Results

The effect of miR-199a-3p on cell proliferation
We examined miR-199a-3p expression in human breast carcinoma tissue and found that miR-199a-3p was expressed at higher levels in carcinoma tissue than in normal breast tissue or tissue adjacent to the tumor, using RNAs purchased from Ambion (Applied Biosystems/Ambion, Austin, TX) (supplementary material Fig.  S1A ). To study the role of miR-199a-3p, we generated a construct expressing the miR-199a precursor, which can produce both miR199a-3p and miR-199a-5p (Fig. 1A, supplementary material Fig.  S1B ). The construct was transfected into a number of cell lines including YPEN-1 cells and MT-1 and MDA-MB-231 breast carcinoma cell lines. We have successfully used this plasmid to express different miRNAs in vitro (Lee et al., 2007; Wang et al., 2008) . Analysis of miR-199a-3p expression was performed by RT-PCR and real-time PCR. We detected increased expression of miR199a-3p in both cell types to different levels, perhaps because of varying transfection and expression efficiency (Fig. 1B,C) .
We tested the roles of miR-199a-3p in regulating cell growth. Cells stably transfected with miR-199a were subjected to proliferation assays along with cells transfected with an empty vector, which thus acted as a control. Cell proliferation was determined by MTT and cell number counting on the second and third days after cell inoculation. The experiments revealed that expression of miR-199a-3p increased proliferative activity of endothelial cells and breast cancer cells ( Fig. 2A-C) .
We generated an anti-miR-199a-3p expression construct to study the activity of endogenous miR-199a-3p in cell proliferation. Stable transfection of anti-miR-199a-3p plasmid into breast cancer cells MB-231 and MT1 originally expressing moderate and high levels of miR-199a-3p, respectively, led to suppression of proliferative activity (Fig. 2D) . Anti-miR-199a-3p exerted a similar effect on cell survival, and this was observed in transient transfection of the anti-miR-199a-3p plasmid into YPEN-1 cells, and MB-231 and MT-1 breast cancer cells (Fig. 2E, supplementary material Fig.  S2 ).
In wound healing assays there was no difference observed in the migration of YPEN-1 cells between vector-transfected and miR199a-3p-transfected cells. However, the miR-199a-3p-transfected MB-231 cells migrated into the wound areas much faster than the vector-transfected cells (supplementary material Fig. S3 ).
Effect of miR-199a-3p on expression of Cav-2
To identify the potential targets of miR-199a-3p that would facilitate cell growth, we used bioinformatic search tools (PicTar, Berlin), and found that a great number of genes could be potential targets of miR-199a-3p. Caveolin-2 was selected for analysis. Computational screening showed that there were two potential target sites of miR-199a-3p in the 3ЈUTR of rat (GenBank accession 2827 miR-199a-3p in cell proliferation number NM_131914) and human (GenBank accession number NM_001233) caveolin-2. Caveolin-2 is a member of a family of scaffolding proteins that coats plasma membrane invaginations (caveolae). The two potential target sites for mir-199a-3p interaction are located at the nucleotides 627-649 and 664-684 of rat caveoloin-2 3ЈUTR (Fig. 3A) and at the nucleotides 887-918 and 1476-1500 of human caveolin-2 (Fig. 3B) . Because expression of miR-199a-3p had similar roles in rat and human cell lines, the conserved target sites in rat and human suggests that caveolin-2 can potentially mediate miR-199a-3p functions in cell proliferation.
To test targeting of caveolin-2 by miR-199a-3p, we examined caveolin-2 expression in cells stably transfected with miR-199a using an anti-caveolin-2 monoclonal antibody. Cell lysates from miR-199a-and vector-transfected YPEN-1 and MB-231 cells were analyzed by western blotting. We observed that caveolin-2 expression was repressed in cells transfected with miR-199a compared with vector-transfected cells (Fig. 3C ). When caveolin-2 expression was assayed by immunocytochemistry staining, lower levels of caveolin-2 were observed in the miR-199a-transfected cells compared with the controls (Fig. 3D) . However, transfection Interestingly, the levels of Cdc42, which, according to computational analysis, is a potential target of miR-199a-3p, were upregulated ( Fig. 3E) , suggesting that Cdc42 is not a true target of miR-199a-3p. A number of reports indicate that Cdc42 is involved in the molecular control of diverse cellular functions, including gene transcription, cytoskeletal organization, cell proliferation, migration and transformation (Bishop and Hall, 2000) . It has been reported that caveolin-1 can function as a Cdc42 guanine nucleotide dissociation inhibitor in pancreatic b-cells, maintaining Cdc42 in an inactive state (Nevins and Thurmond, 2006) . Because caveolin-1 and caveolin-2 share structural similarities and are commonly coexpressed, caveolin-2 and Cdc-42 might share a similar relationship to that observed for caveolin-1 and Cdc-42. We also analyzed caveolin-1 expression in different cell lines stably transfected with miR-199a or the control vector, but detected little difference in caveolin-1 expression (supplementary material Fig.  S4 ). There appears to be a possible link between miR-199a-3p, caveolin-2 and Cdc42, which is that miR-199a-3p might be involved in regulation of cell proliferation, survival and cell migration by directly targeting caveolin-2, which then upregulates Cdc42 expression to exert the biological functions of miR-199a-3p.
We analyzed expression of miR-199a-3p, caveolin-2 and Cdc42 in a number of cell lines including A431, A549, C8186, HepG2, OV2008, HT1080, Jurkat, MT1 and A2058. We observed that MT1 cells expressed extremely high levels of miR-199a-3p (Fig.  4A) . Interestingly, the level of caveolin-2 was the lowest, whereas the level of CDC42 was the highest in this cell line (Fig. 4B ). We also observed that C8186 and A2058 expressed higher levels of miR-199a-3p, whereas the levels of caveolin-2 were lower in these cell lines than the other cell lines. This reversed co-relationship suggests that miR-199a-3p has roles in repressing caveolin-2 expression in these cell lines. To confirm the function of miR199a-3p in repressing caveolin-2 expression, we transfected an antisense construct anti-miR-199a-3p in MT1 cells, which express extremely high levels of miR-199a-3p and detected a very high increase in caveolin-2 expression (Fig. 4C) . However, the effect of anti-miR-199a-3p was not evident in MB-231 cells, possibly because these cells express low levels of miR-199a-3p to start with.
To directly test whether or not miR-199a-3p was able to inhibit gene expression by binding to the 3ЈUTR of the target mRNA in a sequence-specific manner, a luciferase construct, harboring two potential binding sites for miR-199a-3p, was generated (supplementary material Fig. S5 ). In addition, a mutant construct was produced wherein both potential target sites were mutated (Fig. 5A ). Luciferase activity decreased significantly in the Luccaveolin-transfected cells when co-transfected with miR-199a-3p. However, there was no significant difference in luciferase activity when cells were co-transfected with the mutated construct and miR-199a-3p (Fig. 5B ).
Effect of docetaxel on MT1 breast cancer cells
It has been shown that caveolin-2 expression is associated with highly aggressive tumors such as inflammatory breast carcinoma 2829 miR-199a-3p in cell proliferation (Van den Eynden et al., 2006) , basal-like ) and triple-negative breast carcinoma Tan et al., 2008) . Docetaxel has been shown to exert strong cytotoxic effects on advanced breast cancer cells (Fumoleau et al., 1996) . Therefore, we investigated whether overexpression of miR-199a-3p and silencing of caveolin-2 could modulate the response of tumor cells to anticancer drug treatment.
Sensitivity to docetaxel was assessed in MT1 cells stably transfected with vector and antisense miR-199a-3p. Low concentrations of docetaxel were able to induce significant growth inhibition in cells transfected with either the empty vector or antisense miR-199a-3p. A high proportion of detached cells were observed after exposure to 1 M and 2 M docetaxel. The vectortransfected cells showed higher sensitivity to the drug than cellstransfected with the antisense construct (Fig. 6A) . The anti-miR-199a-3p-and vector-transfected cells were also treated with 2 M docetaxel for 0, 24, 48 and 72 hours. This time-course (B) miR-199a-3p was also found to target human caveolin-2 at nucleotides 887-918 and nucleotides 1476-1500. (C) Cell lysate was prepared from vector (GFP)-and miR-199a-transfected YPEN-1 and MB-231 cells, followed by western blot analysis probed with anti-caveolin-2 antibody. Expression of miR-199a repressed caveolin levels. (D) YPEN-1 and MB-231 cells were transfected with miR-199a and an empty vector, whereas MT1 cells were transfected with anti-miR-199a and an empty vector. Cells were stained for caveolin-2 expression (arrows). The miR-199a-transfected cells expressed lower levels of caveolin-2 than the vector-transfected cells did, whereas expression of the anti-miR-199a construct promoted caveolin-2 expression. (E) The cell lysate from C was also analyzed by western blot probed with anti-Cdc42 antibody. Expression of miR-199a increased Cdc42 levels. experiment showed that the cytotoxic effect of docetaxel (2 M) was highly pronounced in the vector-transfected cells compared with the cells transfected with the antisense construct. Expression of the anti-miR-199a construct enhanced cell survival (supplementary material Fig. S6A ).
Next, we analyzed apoptosis and cell cycle profiles of cells treated with docetaxel. Annexin-V staining demonstrated that most of the apoptotic cells in the detached fraction (Annexin-V positive, PI negative and Annexin-V positive, PI positive) were confined to the vector-transfected cells and not in the antisense-transfected cells (Fig. 6B ). 14.4±1.02% of the vector-transfected cells were detected in the G2-M phase. This was accompanied by a prominent increase in sub-G1 apoptotic cells to 58±1.02%. The sub-G1 population was represented by cells displaying internucleaosomal DNA fragmentation, as well as chromatin condensation and disintegration, which are all typical features of apoptotic cells. By contrast, 27.8±0.9% of the antisense-transfected cells were found in the G2-M phase and the sub-G1 population was lower (34.4± 0.8%). These results revealed that docetaxel at a concentration of 2 M could effectively arrest both vectortransfected and anti-miR-199a-3p-transfected MT1 cells at the G1 and G2-M phases. The dramatic increase in sub-G1 accumulation seen in vector-transfected cells that expressed high levels of miR199a-3p and low levels of caveolin-2 demonstrates that they are much more sensitive to docetaxel treatment compared with antisense-transfected cells with reverse expression of miR-199a-3p
2830 Journal of Cell Science 124 (16) and caveolin-2. As a result, docetaxel treatment produced more apoptotic cells in the vector-transfected cells than in the anti-miR199a-3p-transfected cells (Fig. 6C) .
Effect of caveolin-2 suppression on cell proliferative activity and cell survival
To demonstrate that high proliferative activity and survival in cells are caused by suppression of caveolin-2, four different siRNAs complementary to caveolin-2 (siRNA-Cav2) were synthesized and transfected in YPEN-1 cells (supplementary material Fig. S6B ). We observed that all siRNAs were able to suppress expression of caveolin-2 (Fig. 7A ) and enhance cell proliferation (Fig. 7B) . These results suggest that caveolin-2 has an important role in mediating the effect of miR-199a-3p on cell activities.
We then performed rescue experiments by cloning and generating an expression construct of caveolin-2 in the expressing vector pcDNA3, producing the construct pcDNA3-Cav-2. Expression of pcDNA3-Cav-2 plasmid was confirmed by western blotting of cells transfected with the plasmid (supplementary material Fig.  S6C ). Analysis of cell proliferation and survival in serum-free medium indicated that exogenous expression of caveolin-2 in the miR-199a-transfected cells decreased cell growth (Fig. 7C) and survival (Fig. 7D) . However, transfection with caveolin-2 or antimiR-199a-3p construct increased caveolin-2 expression, which resulted in decreased sensitivities of the cells to docetaxel treatment. Cells expressing increased levels of caveolin-2 had a smaller population of apoptotic cells (Fig. 7E ) and sub-G1 cells (Fig. 7F) . These results suggest that the slower growing cells are more resistant to docetaxel-induced cell death.
Discussion
MicroRNAs have an important role in regulating cellular activities such as proliferation, morphogenesis, apoptosis and differentiation. They can profoundly affect the expression of a large number of genes that encode proteins either by degradation of mRNA through the RNA interference pathway or by inhibiting protein translation by partially pairing with the 3ЈUTR of target mRNAs. Recent studies have shown alterations in miR-199a-3p expression in various human cancers. MiR-199a-3p has been found to be highly expressed in ovarian and breast cancer (Chen et al., 2008) , but significantly under expressed in hepatocellular carcinoma (Murakami et al., 2006) and in bladder cancer (Ichimi et al., 2009 ). Moreover, it was reported that miR-199a-3p is involved in tumor progression and chemoresistance in ovarian cancer by regulating IKKb expression (Chen et al., 2008) . Overexpression of miR199a-3p was found to inhibit the invasiveness of tumor cells (Kim et al., 2008) and to modulate their sensitivity to doxorubicininduced apoptosis in hepatocellular carcinoma (Fornari et al., 2010) by targeting the Met proto-oncogene.
In this study, we found that expression of miR-199a-3p promoted proliferation and survival of endothelial cells as well as breast cancer cells. To identify the potential targets of miR-199a-3p that would facilitate cell growth, we used bioinformatic search tools. Computational screening showed that there were two potential 2831 miR-199a-3p in cell proliferation target sites of miR-199a-3p in the 3ЈUTR of rat and human caveolin-2. Caveolin-2 is a member of a family of scaffolding proteins that coat plasma membrane invaginations (caveolae). There are three members within the caveolin protein family: caveolin-1, caveolin-2 and caveolin-3 (Williams and Lisanti, 2004) . Caveolin-2 is usually co-expressed with caveolin-1 in most cell types and tissues, whereas caveolin-3 expression is restricted to muscle cell types (Williams and Lisanti, 2004) . Being key structural proteins that organize caveolae, caveolins have been shown to have an important role in regulating endocytosis and various aspects of cellular signaling (Krajewska and Maslowska, 2004; Williams and Lisanti, 2004) . Caveolins interact directly with a number of caveolae-associated signaling molecules. In many of these cases, it has been documented that caveolin-binding can effectively inhibit the enzymatic activity of these signaling molecules in vitro. Relative to caveolin-1 and caveolin-3, the functional role of caveolin-2 is less defined. Recent studies have demonstrated cell-and tissuespecific roles of caveolin-2. For example, obvious pulmonary defects and cell hyperproliferation in caveolin-2-knockout mice suggest that caveolin-2 is involved in regulation of lung endothelial cell proliferation and differentiation. There is also evidence that caveolin-2 regulates proliferation of rat fibroblast cell line Hirc-B (Kim and Pak, 2005; Kwon et al., 2009a; Kwon et al., 2009b) . Furthermore, there has been increasingly more coherent data suggesting that caveolin-2 has oncogenic effects in cancers of the breast (Elsheikh et al., 2008) , prostate (Yang et al., 1998) , bladder (Fong et al., 2003) , oesophagus (Ando et al., 2007) , thyroid, pancreas, and lung (Wikman et al., 2004) . Caveolin-2 has been shown to be expressed at high levels in normal breast-like cancer and in the majority of basal-like cancer (Perou et al., 2000) , but at low levels in non-microdissected breast cancer. The caveolin-2 levels were inversely correlated with tumor size (Sagara et al., 2004) . These findings indicate that expression of caveolin-2 might have an important role in breast cancer tumor progression and might be correlated with tumor grade and aggressiveness. It suggests that repression of caveolin-2 expression by miR-199a-3p could have a crucial role in cancer development.
Consistent with this, it is interesting that we observed noticeable promotion of cell proliferation and survival accompanied by inhibition of caveolin-2 expression in cells transfected with miR199a-3p compared with vector-transfected cells. The potential interaction between caveolin-2 and miR-199a-3p was confirmed by reversed expression of miR-199a-3p and caveolin-2 in a number of cell lines including A431, A549, C8186, HepG2, OV2008, HT1080, Jurkat, MT1 and A2058. Also, when the antisense construct anti-miR-199a-3p was transfected into MT1 cells, which express extremely high levels of miR-199a-3p, immense upregulation of caveolin-2 expression was detected followed by cell growth inhibition. However, anti-miR-199a-3p was not detected to affect MB-231 cells, possibly because MB-231 cells express low levels of miR-199a-3p. Finally, MiR-199a-3p was confirmed to inhibit both endogenous caveolin-2 activity and exogenous caveolin-2 activity by using a reporter construct bearing the 3ЈUTR of caveolin-2.
In addition, we found that inhibition of caveolin-2 expression by miR-199a-3p can modulate sensitivity of breast cancer cells to docetaxel-induced apoptosis. This is consistent with reported results showing that caveolin-2 expression is associated with highly aggressive tumors such as inflammatory (Van den Eynden et al. It has been shown that the level of caveolin-2 is high in MCF7 drug-resistant breast cancer cells (Lavie et al., 1998) . However, knockdown of caveolin-2 hinders the development of drug resistance, which was demonstrated in adenocarcinoma A549 cells. Currently, one of the most effective treatments for advanced breast cancer targets microtubules. Microtubules are polymerized tubulin structures that make up the cytoskeleton, and are involved in cell locomotion, movement of organelles and mitosis. Both actin filaments and microtubules are implicated in membrane trafficking in mitotic cells (Mundy et al., 2002) . Docetaxel has been shown to exert strong cytotoxic effects on advanced breast cancer cells (Fumoleau et al., 1996) . At the molecular level, docetaxel acts by stabilizing tubulin heterodimers, and impairing mitosis and cell proliferation in tumors 2832 Journal of Cell Science 124 (16) (Jordan et al., 1996) . The drug also has been implicated in the induction of apoptosis through activation of components in signal transduction cascades. Recent data indicates a connection between cytoskeletal components and caveolae-regulated cellular events such as endocytosis (Parton and Richards, 2003) , calcium homeostasis (Isshiki and Anderson, 2003) , skeletal muscle transverse tubule formation (Parton et al., 1997) , and compartmentalization of receptormediated signaling components (Steinberg and Brunton, 2001 ). According to our results, an increased sensitivity of breast cancer cells to docetaxel was observed upon both overexpression of miR199a-3p and inhibition of caveolin-2 expression.
In summary, our data demonstrate that miR-199a-3p can enhance proliferation and survival in endothelial cells, as well as in breast cancer cells. Expression of miR-199a-3p produced remarkable inhibition of endogenous caveolin-2 expression and exogenous expression introduced by a reporter construct bearing mRNA encoding the 3ЈUTR region of caveolin-2. The finding of caveolin-2 as a target of miR-199a-3p is very important for a better understanding of how this miRNA contributes to cancer development.
miR-199a-3p in cell proliferation
Overexpression of caveolin-2 completely counteracted miR-199a-3p-mediated enhancement of cell proliferative activity, survival and sensitivity of tumor cells to anticancer drugs. In addition, our results suggest that targeting caveolin-2 by MiR-199a-3p could have an important role in breast cancer tumor progression, which could be an interesting concept to apply to cancer intervention. were transiently transfected with caveolin-2 or a control vector, whereas MT1 cells stably transfected with GFP were transiently transfected with caveolin-2 or a control vector. Expression of caveolin-2 was confirmed by western blot probed with anti-caveolin-2 antibody (C, top). The cells were grown on six-well tissue culture dishes, followed by proliferation (C, bottom) and survival (D) assays. Transfection with caveolin-2 reversed the effect of miR-199a resulting in reduced cell proliferation and survival. *P<0.01. Error bars represent s.d. (n=3). (E) MT1 cells stably transfected with GFP were transiently transfected with caveolin-2 or a control vector, whereas MT1 cells stably transfected with anti-miR-199a-3p construct were transiently transfected with the same vector. Apoptosis was evaluated using flow cytometry after the cells were subjected to 2 M docetaxel for 48 hours. Cells transfected with caveolin-2 and anti-miR-199a-3p were less sensitive to docetaxel-induced cell death than cells transfected with the GFP control. (F) DNA content was assessed by FACS analysis on the same cells as in E with propidium iodide staining 48 hours after docetaxel treatment. There were smaller sub-G1 populations in the cells transfected with caveolin-2 (59.5%) and anti-miR-199a-3p (50.6%) than in the cells transfected with the GFP control (78.9%).
Materials and Methods
Generation and expression of miR-199a-3p plasmid
To study the effect of miR-199a-3p on cell function, the miR-199a-3p plasmid was generated by insertion of duplicate miR-199a-3p precursors into a mammalian expression vector, BluGFP, which contained a Bluescript backbone, a CMV promoter driving expression of green fluorescent protein (GFP), and a H1 promoter driving miR-199a-3p between the BglII and HindIII restrictions sites. In brief, the miR-199a precursor, generated by PCR was ligated into the mammalian expression vector BluGFP, as previously described (Lee et al., 2007) . The sequence of the construct is given in Fig. 1A .
To define the role of endogenous miR-199a-3p in mediating cell activities, the anti-miR-199a-3p plasmid was engineered. It contained a short RNA sequence complementary to the hairpin sequence of miR-199a-3p molecule. By binding to the miR-199a-3p, the products of this plasmid inhibited miR-199a-3p functionality. In brief, two primers, antihsa-miR-199a* (5Ј-ccgggagatctaaccaatgtgcagactactgtattttggaaaagctttag; underlined is the anti-miR-199a-3p sequence) and EGFP-700R (5Ј-ctcctcgcccttgctcaccat), were synthesized. PCR was performed using these two primers and the plasmid BluGFP indicated above. The PCR product was digested with BglII and NheI to get the insert, followed by ligation with the BglII-and NheI-digested BluGFP plasmid. The resulting plasmid anti-miR-199a-3p expressed an anti-miR199a-3p sequence and GFP unit.
Rat prostate endothelial cells (YPEN-1) and human breast carcinoma cells (MDA-MB-231) were obtained from the American Tissue Culture Collection (ATCC, Manassas, VA). MT1 cells were originally isolated from a breast cancer patient (Naundorf et al., 1992) . YPEN-1 cells were grown in Iscove's modified Dulbecco's medium (IMDM), containing 5% fetal bovine serum (FBS), and antibiotics; MB-231 and MT1 cells were cultured in DMEM medium supplemented with 10% FBS, and antibiotics in a 5% CO 2 atmosphere at 37°C. 3ϫ10 5 cells/well in six-well culture plates were transfected with miR-199a or a control vector using Lipofectamine TM 2000 (Invitrogen). Stable transfected cells were selected by G418 antibiotic (Calbiochem, San Diego, CA) at a final concentration of 400 g/ml. On day 15 after transfection, cells were assayed for reporter gene activity. To confirm overexpression of both pre-and mature miR-199a-3p, RT-PCR was performed using RNA isolated from cells stably transfected with miR-199a-3p and an empty vector.
Cell proliferation assays
MiR-199a-and GFP-transfected cells were seeded in six-well tissue culture plates at 1ϫ10 5 cells per well. Cell numbers were counted on second and third days to determine cell number. Cell proliferation was also determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma). MiR199a-and GFP-transfected cells were grown in 96-well cell culture plates in 5% FCS medium and then the medium was replaced with 50 l of MTT reagent (2 mg/ml) and incubated in 5% CO 2 at 37°C for 0.5 and 1 hours. Afterwards, the medium was aspirated and 50 l of dimethyl sulfoxide (DMSO, Sigma) was added to each well. The optical density was measured using a microplate reader.
For cell cycle analysis, the miR-199a-and GFP-transfected MT1 cells (3ϫ10 5 cells/six-well tissue plate) were treated with 2 M docetaxel for 48 hours. The cells were harvested, washed with ice-cold PBS, and resuspended in ice-cold 70% ethanol for 30 minutes. The cells were treated with 10 g/ml of RNase at 37°C, then spun down and stained with 10 g/ml of PI for 30 minutes. The DNA content was measured by flow cytometry with FlowJo software (FACS Calibur; Becton Dickinson, CA).
Cell survival assays
MiR-199a-and GFP-transfected YPEN-1, MD-MB231 and MT1 cells were seeded at a density of 2-4ϫ10 5 cells per well in six-well plates respectively. After 24 hours, cells were washed twice with serum-free culture medium, and then incubated in serum-free conditions. After 3 or 5 days, cells were harvested, and the number of viable cells was determined with Trypan Blue staining.
MT1 cells stably transfected with GFP or miR-199a-3p antisense were cultured in DMEM medium supplemented with 10% FBS, and antibiotics. Docetaxel was obtained from Sanofi-Aventis Canada at a concentration of 10 mg/ml (12.6 mM) and it was used to test the sensitivity of cells to the drug at scalar concentrations from 0 to 20 M.
After treatment with 2 M docetaxel for 48 hours, the MT1 cells transfected with GFP and miR-199a-3p antisense were separately washed twice with cold PBS and stained with binding buffer containing fluorescein-labeled Annexin-V and with Propidium Iodide (PI) (APC Annexin V Apoptosis Detection Kit I, BD Pharmingen TM ) following the manufacturer's instructions. The cells that were positive for apoptosis (APC Annexin-V positive, PI negative or APC Annexin-V positive, PI positive) were analyzed by flow cytometry.
Wound-healing assay
Cells were plated at 3ϫ10 5 /dish in 60-mm-diameter dishes. A plastic pipette tip was drawn across the center of the plates to produce clean 1-mm-wide wound lines after the cells had reached confluence. Cell movement into the wound area was examined and photographed at different time points (3 and 24 hours) using a phase-contrast microscope. The distance between the leading edge of the migrating cells and the edge of the wound was measured to estimate cell mobility.
Putative target analysis
To examine expression of Cdc42 and caveolin-2 in miR-199a-and GFP-transfected cells, 5ϫ10 5 cells were plated in 100 mm cell culture plates and incubated for 48 and 72 hours. After incubation, cells were collected and resuspended in Tris-HCl buffer, lysed using an equal volume of 4% SDS, and sonicated. Protein concentrations were measured using protein assay reagents (Bio-Rad). Cell extracts were boiled for 5 minutes and subjected to 12% SDS-PAGE, and electrophoretically transferred to a nitrocellulose membrane. Each membrane was incubated with monoclonal Cdc42 and caveolin-2 (1:500, BD) and b-actin (1:10,000, Sigma) antibodies, washed with TTBS and incubated with secondary antibody conjugated with peroxidase. The signal was then detected using chemiluminescent detection system (Pierce).
To visualize caveolin-2 expression, immunocytochemistry was performed. YPEN-1, MD-MB231 and MT1 cells were seeded at a density of 2-4ϫ10 5 cells per well on glass coverslips placed in six-well plates. After 4 hours, cells were washed twice with serum-free culture medium, and then were fixed with 2% paraformaldehyde. Cells were permeabilized with 0.5% Triton X-100, washed three times and incubated for 10 minutes with 0.6% H 2 O 2 in TBS to quench endogenous peroxidase activity. To suppress non-specific binding of IgG, cells were incubated for 20 minutes in 10% goat serum in TBS and then with antibodies against caveolin-2 (1:200, BD) overnight at 4°C. After washing in TBS, cells were incubated with biotin-conjugated secondary antibody for 45 minutes at 37°C, then with streptavadin-HRP and visualized with fresh DAB solution for 5 minutes. Counterstaining was performed with hematoxylin. Then slides were dehydrated with alcohols followed by processing in xylenes and permanent coverslip mounting. Images of ten randomly selected fields were acquired.
Luciferase assay
To determine whether miR-199a-3p is able to repress gene expression by binding to the 3ЈUTR of the target mRNA in a sequence-specific manner, two luciferase constructs were generated. One (Luc-Cav-2) contained the 3ЈUTR of caveolin-2 obtained by PCR using two primers, ratCav2-N3ЈSpeI (5Ј-gggactagtacactcagaccccaggtc-3¢) and ratCav2-C3ЈXbaI (5Ј-gggaagctttctagattcttacgttgagtgttgcc-3¢). The PCR products were digested with SacI and MluI and the fragment was inserted into a SacI-and MluI-digested pMir-Report Luciferase plasmid (Ambion). The other (LucCav-mut) contained mutations at the putative binding site, which was generated with two primers, ratCav-2-N3ЈXbaI and ratCav-2-C3ЈSpeI-Mut (5Ј-gggactagtacactcagaccccaggtccaaatatttggaatgacatcaactctgttgatgtgacacaaaagctgatgacatctgttc-3¢) with a similar approach.
U343 cells, a cell line that is of high efficiency for gene transfection and resistance to transfection-induced cell death, were used for luciferase activity assays as described (Jeyapalan et al., 2011; Lee et al., 2009) . In brief, the cells were seeded onto 12-well tissue culture plates at a density of 1ϫ10 5 cells/well and co-transfected with the luciferase report constructs and miR-199a-3p construct. The cells were then collected by trypsin and lysed with lysis buffer from Luciferase Assay Kit (Promega). Cells were centrifuged at 3000 r.p.m. for 5 minutes. Supernatant was transferred into a black 96-well plate (3ϫ10 l) for luciferase activity measurement and into a transparent 96-well plate (3ϫ50 l) for b-gal activity determination. For the luciferase activity measurement, 70 l of luciferase assay reagent was added to each well and the luciferase activity was detected by using microplate scintillation and luminescence counter (Packard, Perkin Elmer). For the internal control of b-gal activities, 90 l of assay reagent (4 mg/ml ONPG, 0.5 M MgSO 4 , b-mercaptoethanol and 0.4 M sodium phosphate buffer) was added into each well. The plate was then incubated at 37°C for 30 minutes, or until a color change was detectable. The absorbance at 410 nm was measured by using a microplate reader (Bio-Tek Instruments).
Rescue assays
To confirm that the effects of miR-199a-3p on proliferative activity and survival are caused by suppressing caveolin-2, rescue experiments were performed by using pcDNA3-caveolin-2 plasmid construct. The coding sequence of caveolin-2 was cloned by PCR using two primers, ratCave2Kozak-EcoRI (5Ј-ggggaattcgccgccaccatggggctggagactgagaaggcc-3¢) and ratCaveC-XbaI (5Ј-gggtctagatcagtcatggctcagttg-3¢). After digestion with restriction enzymes XbaI and EcoRI, the PCR product was inserted into XbaI-and EcoRI-digested pcDNA3.1. YPEN-1, MD-MB231 and MT1 cells stably transfected with miR-199a-3p and empty vector were seeded at a density of 2-4ϫ10 5 cells per well in six-well plates. After 24 hours, cells were washed twice with serumfree culture medium, transfected with pcDNA3-Cav-2 using Lipofectamine TM 2000, and subjected to proliferation and survival assays. Cell number was determined 48 hours after transfection.
To confirm that miR199a-3p sensitizes cells subjected to docetaxel to apoptosis by suppressing caveolin-2, MT1 cells stably transfected with an empty vector and an antisense miR construct were transfected with pcDNA3-Cav-2 plasmid construct and pcDNA3 plasmid only using Lipofectamine TM 2000 followed by treatment with 2 M docetaxel. 48 hours after treatment, cells were analyzed for apoptosis and cell cycle profile. A western blot assay was performed to check for the presence of the desired construct.
siRNA assays
To confirm that caveolin-2 has a role in mediating cell proliferation, migration and survival, four different siRNAs complementary to caveolin-2 sequences were designed and synthesized by GenePharma (Shanghai, China). YPEN-1 cells were miR-199a-3p in cell proliferation seeded at a density of 2ϫ10 5 cells per well in six-well plates, washed twice with serum-free culture medium after 24 hours after cell inoculation, and incubated with different siRNAs. The cells were harvested 48 hours after the treatment and subjected to western blotting and proliferation assays. The viable cell number was determined. Supplementary Fig S6A. Sensitivity to docetaxel (2 μM) was assessed in MT1 cells transfected with the vector or antimiR-199a construct for 0, 24, 48, and 72 hours. The vector-transfected cells, originally expressing high levels of miR199a-3p, and the parental MT1 cells, showed higher sensitivity to the drug than cells transfected with the antisense. Error bars, SD (n=9), *=p<0.05. Fig S6B. siRNA sequences targeting caveolin-2. Fig S6C. Cell lysates were obtained from MT1 cell stably transfected with GFP, caveolin-2 expression construct, and anti-miR-199a construct as indicated and subjected to Western blot analysis probed with anti-caveolin-2 antibody. Transfected with caveolin-2 expression construct and anti-miR-199a construct increased caveolin-2 expression. 
